Question: Coastal environments have often been described as azonal. While this characteristic is clear for the foredune system, it seems less evident for more inland fixed dunes, which host habitats of major conservation concern, whose features seem to be more related to local climatic conditions. We hypothesized that, unlike other coastal habitats, dune perennial grasslands differ floristically and structurally across their European range and that patterns of variation are linked to the corresponding climate.
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Applied Vegetation Science DEL VECCHIO Et aL. foredunes is usually characterized by habitat specialists (Maun, 1994) with a broad to global distribution (e.g. Cakile maritima, Ammophila arenaria, Elytrigia juncea; Wiedemann & Pickart, 2004; Davy, Scott, & Cordazzo, 2006; Carboni, Zelený, & Acosta, 2016) , resulting in low compositional variation at a continental scale (Doing, 1985) , although examples of biogeographic vicariance have been described (Géhu, 1986) . In contrast, communities of fixed dune systems have been described as subject to local climate, geomorphology, lithology and site history (Houston, 2008; Provoost, Ampe, Bonte, Cosyns, & Hoffmann, 2004; , suggesting a stronger influence of environmental factors and past climatic events that drove floristic migrations (Buffa, Filesi, Gamper, & Sburlino, 2007; Martínez et al., 2004) .
Species-rich perennial dune grasslands, where a matrix of perennial species is colonized by ephemeral species in spring and early summer, represent one of the most valuable and diversified habitats of the semi-fixed or fixed dune sector (Doing,1985) . They mainly occupy the transition zone along the sea-inland vegetation zonation, developing between the herbaceous vegetation of the foredune and the scrub of the fixed dune. Being less exposed to the severe coastal environmental conditions, they normally present a higher vegetation cover and higher species richness compared to other early successional dune habitats (Del Vecchio, Pizzo, & Buffa, 2015; Houston, 2008; Sburlino, Buffa, Filesi, Gamper, & Ghirelli, 2013) . Moreover, they often grow in an undulating landscape with variable exposure and slope, resulting in a high variability of microclimates. Thanks to these features, they host a large variety of species, often rare, endemic or endangered, and a very high number of different plant communities (Bioret, Lazare, & Géhu, 2011; Del Vecchio, Giovi, Izzi, Abbate, & Acosta, 2012; Del Vecchio, Mattana, Acosta, & Bacchetta, 2012; Martínez et al., 2004) , which, alongside serious anthropogenic threats, makes them habitats of major conservation concern (Bakker et al., 2016; Janssen et al., 2016) .
Previous research on coastal fixed dune perennial grasslands mainly concentrated on the description of vegetation composition and on the syntaxonomic classification at local to national levels (e.g. Brullo, Giusso del Caldo, Siracusa, & Spampinato, 2001; Colasse & Delassus, 2014; , using the Braun-Blanquet approach (Dengler, Chytrý, & Ewald, 2008; Westhoff & van der Maarel, 1973) , or on ecology, management and conservation strategies (e.g. Isermann, Koehler, & Mühl, 2010; Provoost et al., 2004) . However, despite their evident diversity, no comparative studies, analysing the variability of coastal perennial grasslands across their European range have been carried out yet.
Two comprehensive, pan-European hierarchical habitat classification schemes are widely used in Europe: the EUNIS habitat classification (Davies, Moss, & Hill, 2004) and the Annex I of the EU Habitats Directive (92/43/EEC) (European Commission 1992 . EUNIS splits dune perennial grasslands into four geographic types: "Northern fixed grey dunes", "Biscay fixed grey dunes", "Mediterraneo-Atlantic fixed grey dunes" and "East Mediterranean fixed grey dunes". Annex I of the Habitats Directive recognizes only two types of dune perennial grassland: the habitat "2130*-Fixed coastal dunes with herbaceous vegetation-grey dunes" along the coasts of the Baltic and North Sea, Atlantic Ocean and Black Sea, and "2210-Crucianellion maritimae fixed beach dunes" in the Mediterranean. The dune perennial grassland types of both classifications encompass a wide geographic distribution, from the Baltic to the Mediterranean Sea. Recently, Schaminée et al. (2016) reviewed the EUNIS grassland types based on vegetation plots and proposed to reorganize dune perennial grasslands into three types: "B1.4a-Atlantic and Baltic coastal stable dune grassland (grey dunes)", "B1.4b-Mediterranean and Macaronesian coastal stable dune grassland (grey dunes)" and "B1.4c-Black Sea coastal dune grassland (grey dunes)".
From this starting point, this study aimed to analyse the variability of dune perennial grasslands, relating it to climate gradients throughout their European distribution range. We hypothesized that, unlike other coastal habitats, perennial dune grasslands are subjected to the local climate, which exerts significant effects on both floristic composition and community structure.
| METHODS

| Data collection
We collected phytosociological relevés of dune perennial grasslands from the entire European distribution range from published literature and from unpublished data, available from the European Vegetation Archive database (EVA; Chytrý et al., 2016) and provided by some authors of this article. We considered as "dune perennial grasslands" the vegetation that grows between the foredune and the scrub of the fixed dune, with a cover of perennial species >25% of the total vascular species cover. The origin, number of relevés and syntaxa of each data source are provided in Appendix S1. For alliances delimitation and nomenclature we followed Mucina et al. (2016) .
From an initial database of 4,500 relevés, we removed relevés with anomalous size (surface <1 or >25 m 2 ; e.g. Haveman & Janssen, 2008; Gigante, Attorre, et al., 2016) and uncertain information on geographic position or on the year in which they were performed. Furthermore, we removed all non-vascular species from relevés, because they had not been consistently sampled throughout the data set. We performed geographic resampling in order to avoid spatial autocorrelation by randomly selecting one relevé per cell from a 1 km × 1 km grid. After this procedure, we obtained a database of 605 relevés × 586 species (see Figure 1 for the geographic distribution of relevés). Preliminary analysis of the data set showed that neither remaining variation in plot size nor the year of surveying influenced the floristic composition (Pearson correlation; data not shown).
We associated with each relevé (1) latitude and longitude; (2) mean annual temperature and precipitation using Worldclim (Fick & Hijmans, 2017 ) at 1 km 2 resolution grid (ArcGis 9.2); (3) a continentality index, defined as the annual range of the extreme temperature values divided by the sine of the latitude (Kc index; Conrad, 1946) ; (4) the syntaxon at the alliance level as indicated by authors who made the relevé, conforming nomenclature to Mucina et al. (2016) . We chose the alliance rank because it has been proved to be the most appropriate to we associated to each species (1) the life form (Raunkiaer, 1934) , as a synthetic indication of adaptation to environmental conditions, especially climate (Kent & Coker, 1992) ; (2) the distribution type, according to Tutin et al. (2001) and Euro+Med.
| Data analysis
To test our hypothesis we performed a CCA (on presence-absence data; PC-ORD 5.1 software; MjM Software Design, Gleneden Beach, OR, US; 999 randomizations), using the mean annual temperature, mean annual precipitation and Kc index as climatic data. To define the groups in the CCA diagram we performed a cluster analysis on the relevés × climatic data matrix (using Ward's clustering method, Euclidean distance, on square root-transformed data; PC-ORD 5.1).
Furthermore, we performed unconstrained ordination (DCA; on presence-absence data; PC-ORD 5.1) to compare constrained (CCA) with an unconstrained approach (DCA).
For each species in each group obtained by the CCA we calculated the Phi coefficient (JUICE 7.0 software; Tichý, 2002; Tichý & Chytrý, 2006) . Being based on the degree of concentration of species occurrences, the Phi coefficient can be considered as a fidelity measure of a species in a given group of relevés (Tichý, 2002) . The phi value of 40 was used as the lower threshold to identify the diagnostic species in each group. The value of the Fisher exact test was set at 0.001.
In order to detect differences in the structure of sand perennial grasslands, we performed a PERMANOVA (Past 3.0 software) among The species distribution area and the alliances were used as general descriptors of the variability within each group.
| RESULTS
| Variability of perennial grasslands across the European distribution range
According to the floristic and climatic variability, and to the groups ev- S Atlantic) included the relevés of the South Atlantic coast in Portugal;
(7) the seventh group (7 Medit-Atl) mainly sorted the relevés from the Mediterranean coast, but it also included the southernmost part of the Atlantic coast of Spain and Portugal.
The groups showed differences in their climatic envelope, summarized in 
| Diagnostic species
The diagnostic species of each group, their Fidelity index values and their distribution area are summarized in 
| Climatic variables and vegetation structure
We found differences in the frequency of life forms among groups (PERMANOVA; F = 53.32, p = .0001). In particular, chamaephytes increased in frequency southwards, while hemicryptophytes and therophytes evidenced an opposite trend (Figure 2 ).
Linear models showed that temperature was the most important driver of life form frequency, with a significant influence on all of them (see Appendix S4 for technical results). Chamaephytes increased at higher temperatures, while hemicryptophytes and therophytes decreased. Precipitation mainly affected therophyte frequency, which increased with increasing precipitation. Hemicryptophytes showed the same trend, although the effect was less strong.
| DISCUSSION
Our results confirm the hypothesis that coastal dune perennial grasslands are subjected to the local climate, which exerts significant effects on both floristic composition and community structure. Although some species Ocean (Beatty & Provan, 2013; Minckley, Haws, Benedetti, Brewer, & Forman, 2015) . Either paleogeographic events (such as the Ice Age of the Quaternary period) and the current climatic conditions (in particular the North Atlantic Oscillation-NAO) associated with high precipitation rates (Batten, Zhou, & Li, 2014; Minckley et al., 2015; Webb & Bartlein, 1992) are probably related to the floristic identity of this area.
Furthermore, this study also provided new evidence of the biogeographic originality of the Italian sector of the Northern Adriatic Sea, already recognized for other northeastern Italian ecosystems (Buffa & Villani, 2012) . These peculiarities, which contribute to define coastal ecosystems strongly atypical within the Mediterranean context (Buffa, Mion, Gamper, Ghirelli, & Sburlino, 2005; Buffa et al., 2007; Gamper et al., 2008; : Sburlino et al., , 2013 , were previously highlighted by Béguinot (1913 Béguinot ( , 1941 , and later by Marcello (1960) . Based on floristic studies, both authors described the 'Venetian biogeographic lacuna'. In fact, many typical Mediterranean plant species found on both sides of the Adriatic Sea (such as Crucianella maritima, Helichrysum stoechas, Maresia nana, Matthiola tricuspidata) were not present in the Venetian coasts, which are exposed to cold north-easterly winds, but sheltered from the influence of warm, south-westerly ones. These climatic features promote sub-Atlantic climatic conditions, rather than
Mediterranean conditions. Paleogeographic events during the Tertiary period, such as opening and closure of marine corridors as well as the appearance and disappearance of water bodies between Europe and West Asia (up the Caspian Sea), may also have contributed to the floristic differences found along the longitudinal gradient considered in this study (Ivanov et al., 2011; Müller, Geary, & Magyar, 1999 (Géhu, 2000) , or
Syntrichio-Lomelosion argenteae, limited to the north Adriatic coast (Sburlino et al., 2013) . Note also that the groups of relevés identified by the analysis of the relationships between vegetation and climatic variables in most cases correspond to specific alliances. This result confirms the usefulness of the alliance rank, which is usually floristically better separated compared with higher vegetation ranks (Gigante, Foggi, Venanzoni, Viciani, & Buffa, 2016; Jennings et al., 2009 ) and contributes to highlight environmental gradients and biogeographic regions (Willner et al., 2017) .
Besides the taxonomic or syntaxonomic differentiation, the analysis of the vegetation structure revealed functional information through life forms (Del Vecchio, Prisco, Acosta, & Stanisci, 2015; Duckworth, Kent, & Ramsay, 2010; Fantinato et al., 2016; Pierce et al., 2017; Slaviero, Del Vecchio, Pierce, Fantinato, & Buffa, 2016 Swenson & Enquist, 2007) , demonstrating that temperature is more related to plant traits than precipitation.
Our study evidenced that the use of large phytosociological databases may represent a valuable tool to detect vegetation variation at continental scale and provide fine-scale information for exploring large-scale ecological patterns and processes and for increasing the accuracy of land categorization. Our results rather conform to the recent revision of the EUNIS grassland habitats classification provided by Schaminée et al. (2016) . Conversely, the Annex I habitat types seem too broad to account for the variability we found. Considering that Annex I habitat types represent a selected list of habitats of conservation interest, a more detailed classification becomes crucial to provide an effective system for the description and monitoring of habitat types at European, national and regional context. Our study can thus contribute to improve the classification of perennial dune grasslands, providing information on indicator species, structural characteristics and their geographic range across Europe.
Overall, our study demonstrated that climate parameters such as temperature and precipitation have a significant effect on perennial dune grasslands, influencing the species pool, the presence of floristic and coenological peculiarities, and defining the vegetation structure. Although further research is needed to take into account other possible drivers of variation, our results might support the zonality of dune perennial grasslands envisaged by previous authors (Houston, 2008; Provoost et al., 2004; Sburlino et al., 2008) . From a biodiversity conservation point of view, this would raise concerns with respect to global warming. Due to the important role of climatic parameters in determining the vegetation pattern, coastal grasslands may suffer the influence of climate change more than other coastal habitats (Bakker et al., 2016; Prisco, Carboni, Jucker, & Acosta, 2016) .
Rising temperatures and changes in precipitation can substantially alter the composition, distribution and abundance of species, which F I G U R E 2 Mean ± SD of life forms frequency values within each group. Bars with different letters are significantly different according to post-hoc Tukey test
